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I. INTRODUCTION

Increasing demand for new materials has prompted the use of composites
for such applications as rocket motor cases, helicopter blades, aircraft tail
sections, and ground support equipment. Laminated composite structures have
merit because of the high strength-to-weight ratio and low cost of manufacture.
With the increasing use of composites for structural applications, there is a
need for new methods to characterize and evaluate composite materials for
engineering design and structural analyses. Because of the nonhomogeneity of
laminated composite structures, different techniques of analysis must be used.
The ultimate strength of a material in shear and the shear modulus are difficult
material properties to measure experimentally. The difficulties are encountered
in attempting to create regions of pure shear in a test specimen.

Several different test fixtures are currently being used to measure in-~
plane shear: the two-rail; three-rail; *45° specimen; and 10° off-axis speci~
men system [1]. The three-rail shear test fixture was selected for this effort.
Ideally, a state of pure shear exists near the center of the specimens with
loading on two parallel edges, while the remaining two edges are stress free,.

The primary objective of this study was to develop a whole-field experi-
mental stress analysis method to investigate composite materials. The technique
selected was the optical process of laser speckle interferometry. Some con-
ventional methods of measuring surface strain and displacements utilize strain
gages, dial gages, and various other mechanical and electrical sensing devices.
Therefore, a full field view of the strain or displacement distribution
requires a large number of measurements at different locations and is very
time consuming. Laser speckle interferometry is a technique which provides a
sensitive, noncontact method of measuring the in-plane components of displace-
ment from the whole~field point of view in an efficient manner,

In the analytical considerations portion of this report, Section III, a
mathematical and geometrical formulation is presented showing how displacement
data can be obtained using laser speckle interferometry. The displacement data
were in turn used to calculate strains, shearing strains, which were correlated
with shearing stresses. This correlation allowed the calculation of anisotropic
elastic constants relating stress to strain. The resulting equations were used
to calculate a portion of the 21 elastic constants of the anisotropic material
at different load levels and locations on the shear specimen. The remaining
elasticity constants were obtained from data of interferograms of 0° and 90°
fiber~oriented tensile specimens.

The type of composite material selected and the preparation of the test
specimens are discussed in Section II. The optical and mechanical setups and
procedures used to prepare and analyze interferograms are described in
Section IV. Results of the testing and analyzed data are given in Section V.

I1. MATERTAL CONSIDERATIONS
The type composite material used in this research task was Scotchply

XP-250, a high-strength moldable epoxy E-glass prepreg designed for fast
product ion cure cycles. XP-250 is a general-purpose grade for structural
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applications. Its primary advantage cver some other prepreg is faster curing

at temperatures as low as 250°F [21. Scotchply XP-250 was selected for this
research project because Tennessee Technological University performed some
post-crazing stress analyses of the material while under contract to the US Army
Missile Laboratory.

Square unidirectional O-degree panels were manufactured by the 3M Company,
Industrial Specialists Division at St. Paul, Minnesota. The panel dimensions
as received were 33.0 cm X 33.0 cm X 0.18 cm. Each panel was 8 plys thick
with 0.23-mm average ply thickness. Resin burnout tests performed revealed the
panels, as received, were 33 percent resin content by weight. Figure 1 shows
the purity of the glass remains after a typical resin burnout.

Figure 1. XP-~250 resin burnout test.

Shear test panels were manufactured inhouse to the finished form shown
in Figure 2. The specimens were saw-cut 2.5 mm oversize on the top and bottom
edges, and the final dimensions were obtained by milling and sanding. Brown
tracers throughout the material indicated the fiber orientation in relation to
a vertical axis. Strain gages were affixed to the shear specimens at 45° to
the fiber orientation. The gages were SR4, 120 ohm, 6.35 mm long, by BLH
Electronics, Inc. The same gages were used parallel to the fibers on the [0]s

tensile specimens and perpendicular to the fibers on the [90]S test specimens.

The tension test coupons were manufactured by Sperry Rand Company, Huntsville
Division, in the final form shown in Figure 3. The figure shows a typical
[90]s test coupon where the [0]s specimen is the same length but only 1.27 cm

wide {3]. The endtabs were made from [0/90], symmotrical, l4-ply-thick material.
The plys adjacent to the adhesion interface were parallel to the specimen
orientation., Eastman 910 adhesive was used to affix the endtabs to the specimens.
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Figure 3. XP-250 90° tensile specimen (mm).

All the specimens received a light coat of flat white paint on one side to
provide a good illuminable surface required for laser speckle interferometry.

ITTI. ANALYTICAL CONSIDERATIONS

A. Displacement Determination

A computer-aided laser scanning technique [4], as described in
Section IV of this report, was utilfized to analyze the interferograms. The
interferograms were housed in an X-Y translation table equipped with stepping

motors and controlled by a computer program. Figure 4 shows the basic scanning

setup of the translation table used to project interference fringes onto a

diffusion screen. The fringe spacing and angle of orientation at each coordi-

nate were entered into the computer, which in turn calculated the displacement
component in the © direction from

mAfs
Yo D (1)

where
U, = In-plane displacement at a point between loaded and
unloaded model
m = Fringe order
D = Spacing between fringes
A = Wavelength used in data analysis

f = Distance from interferogram to analyzer screen

s = Film scale factor

10
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Figure 4. X-Y translation stage and laser beam path.

The displacement is inversely proportional to the fringe spacing and the direc-~
tion is perpendicular to the fringes, as shown in Figure 5. The vertical, UV .

and the horizontal, UH’ components of in-plane displacement were obtained from

mAfs

Uv = 5 cos 0O (2)
mAfs
UH = 3 sin © (3)

(]
The wavelength of the HeNe laser used in the data analysis is 6328 A. The
film scale factor, S, is found by dividing the true length of the illuminated
test specimen by the image length on the inte'ferogram. The computer program
used in the analysis appears in Appendix A.

11
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B. Anisotropic Elasticity Constants Theory

In the general case of a homogeneous anisotropic body with no elements
of elastic symmetry, the generalized Hooke's Law can be expressed in Cartesian
coordinates X, Y, Z and have the form

Ex = 8110y * a120y * a130; * ATy, + 85T, 4 216Tyy

€ = 8710, + azz0,  + . . . . . + agGTXY

X Y

€ = ajz)0, +azzo, + .. .. .+ ageTXY

Z X Y
()

= + .00
YYZ a%l°x + auqu + a“GTXY

= +
Yxz aSlox + 8520Y e e e . . F assTXY
Yy = aslox + 3520Y + 85302 + angYz + asssz + aGGTXY

12
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The 36 coefficients, aij’ contained in Equation (4) are called the elastic
constants by S. G. Lekhnitskii [5]; however, when assuming three planes of
elastic symmetry, the generalized Hooke's law becomes

(a) ey = ancy +ajpu, +apo, '\

(h) €y = 2120 + a220y + 30,

(c) €, = aisoy + az3cy + a0,

(D) vy = ATy, [ )
(&) vgz = 2557y

(f) Yyy = 66Tyy )

Thus the elastic potential takes the form

a5y a1z aj; 0 0
azo aszs 0 0 0
asj 0 0 0 )
agy 0 0 }
ags 0
266 )

The constants a;g, azg, a3g, and ays are equal to zero, and nine independent
elastic constants remain. All the coefficients of mutual influence vanish in

a coordinate system the direction of whose axes coincide with the principal
directions. The remaining elastic constants are called the principal constants
and can be expressed in terms of "technical constants." [5] Taking for the
principal "technical constants" the notations E;, E;, E3 (Young's Moduli),
G2z, Gy3, Gy1o (Shear Moduli), and vjis, Va1, Vi3, V3]s V23, V3s (Poisson
Coefficients), Equations (5) can be written in the form

‘ I | V21 o _val )

@ ey = EF%"E %Y E ‘2
. M2 1 _ k32

(b) ey = B % + £ % "B %z » N
= Yal o V23 1

() €z Ey % Ez %y + Ej 92

- e o e,

‘-q--_-—_-""------..

- e
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(@) YYZ = G213 TYZ

(e) v = —l-'T (7)
Xz G13 Xz

(f) - —L—T
Yxy G2 XY

where

Eyvyr = Ezvy2
Ezv3p = E3vzgs (8)
E3viz = Ejvsy

C. Determination of Anisotropic Elastic Constants

Young's moduli of elasticity were calculated in the following manner.
Figure 6 shows an element of [O]S composite material. A [O]S fiber orienta-

tion tensile test coupon was loaded in the X-direction to obtain data required
to calculate E; . Allowing o, and o, to equal zero and solving Equation (7a)

Y A
for E; vyields

o
X
B = = (9)
X
and
o - X
X AX (10)
where
E; = Young's modulus of elasticity
ox = Stress in the X-direction
£x £ Strain in the X-direction
Fx Z Load applied in the X-direction

Ax =

Cross sectional area of test specimen

14
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Figure 6. Element of [0]S composite material.
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Likewire allowing Oy and o, to equal zero and solving Equatjon (7b) for E,

yields

ag
B = — (11)
Y

It was assumed that E, = E; due to the direction of the fiber layup, as
shown by planes XOY and XOZ in Figures 7a and 7b. The strains used in the
above equation were obtained using conventional strain gages, as well as with
laser speckle interferometry.

Figure 8 shows a typical interferogram transparency with the scan
region encircled. The dots represent discrete data points taken from the inter-
ferogram. Three vertical scans were made on each [0]s and [90]s test specimen.

Each vertical scan contained approximately twenty (20) data points. The fringe
spacing and angle of orientation at each point were entered into the computer
which, in turn, calculated the displacements and resolved the direction into
horizontal (Y) and vertical (X) components. Having obtained the displacements,
the strain field was calculated using the following procedure. Figure 9 shows
the detailed coordinate grid used to scan the interferograms.

The vertical strain between points A and D plus the horizontal
strain between points A and B will be used as examples. By knowing the
displacement at points A and D the deformation per unit length in the ver-
tical direction becomes

e = & = & (12)
X X AX
and
. O Ylp = Ykla (133
AV AD 13
where
€x = Strain in the X-direction
AUX = Displacement change in the X-~-direction
AX = Distance between scan points in the X-direction
UXID = Vertical displacement at point D
UX'A = Vertical displacement at point A
XAD = Scaled distance between points A and D on the inter-

ferogram

16
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l.ikewise solving for the horizontal strain between points A and B

becomes
3U
e e (14)
Y 3Y AY
and
8y Ufn = Vs (15
AY YZ;

The shear moduli of the composite material were calculated in the
following way. Solving Equation (7f) for Gi» yields

XY .
Gz = — (16)

and due to incremental loading

= B -F

Txy 2bh an
where

Gz = Lamina shear modulus

Txy = Shearing stress

Yy = Shearing strain

F = Applied load

b = Specimen thickness

h £ Specimen shear length

It was assumed that Gy, = Gy3 due to the direction of the fiber layup, as
shown by planes XOY and XOZ in Figures 7a and 7b. The shearing stress, Ty,

was calculated in the conventional manner; however, the shearing strain, Yxy»

was calculated from displacement data obtained through laser speckle inter-
ferometry.

Figure 10 shows the 3-rail test fixture and the computer scan loca-
tions on the shear panels. A set of nine (9) data points was taken extremely
close to the free edge as well as in the center of the specimen. The free edge
shear stress should approach zero and the maximum shear stress should occur in
the region of the center scan. Figure 11 shows the coordinate grid system for

20
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the shear scan data. The coordinate system shown is for a left-hand specimen
where the right-hand specimen would be mirrored about the center rail, with
the origin always at the outside rail., Using the mirrored technique allows
left-hand data to be directly correlated with the right-hand data on the same
datum., The shearing strain Yij was calculated in the following way

U 3y
X Y
&y T 3w YO (18)
and for small changes
, } AUX . AUY 19)
XY AY AX
where the changes in vertical and horizontal displacements, AUx and AUY ,are

found in the same mauner as described in Equations (13) and (15), but with
respect to different axes.

The shear modulus, Gp5, was calculated from

E

= — R
623 = Za ) (20)

where ER and v_ are the modulus of elasticity and Poisson's ratio for the

R
epoxXy resin system.

The Poisson's coefficients were determined from the displacement data
taken from laser speckle interferometry. Tensile specimens with [0]s fiber

orientation were used to find vj; and v;j3

Vi2 = C-Y = \)13 (21)
X

where ¢ is the transverse strain and e is the longitudinal strain. The

Y X
coordinate convention shown in Figure 9 was used in the analysis. Tensile
specimens with [90]s fiber orientation were used to find vy; and v

*X
va1 = T = vy (22)
€
Y
where v, ,, 1is the Poisson's coefficient in the specified directions. The

ij
Poisson's ratio for the epoxy resin system of 0.360 was used for the values of
vp3 and v3p due to the geometry of the element, as shown in Figure 6.

23
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IV, OPTICAL TEST SETUPS AND PROCEDURES

A. Laser Speckle Setup for Shear and Tensile Tests

The experimental test arrangement used to prepare the laser speckle
interferogram is shown in Figure 12, A 44,482-Newton-capacity Instron tensile
test machine was used to apply incremental loading to the tensile and shear
specimens at a rate of 1.3 mm/min. A Spectra Physics model 166 argon laser
adjusted at 0.45 W was used as the coherent light source to illuminate the test
specimens., A double-~exposure photography technique was used to make the inter-
ferograms using Kodak Minicard II film S0424, 102 mm x 127 mm. This type film
is especially green-light sensitive. The interferograms were developed using
conventional photography techniques.

Figure 13 shows the three-rail shear test fixture used in determining
the in-plane shear properties. The three-rail test fixture is currently being
considered by ASTM as a standard test fixture. The shear panel is clamped
between the two outside stationary rails on the edges while the third rail
clamps the panel at center. The center rail is loaded by the test machine,
loading the specimen in shear parallel to the fibers. The three-rail fixture
is unique because the specimen is held in place by clamping friction rather
than by bearing on the bolts. The rails have emery cloth bonded to the inside
surfaces to aid in the adhesion. The test plate holes are 12.7 mm in diameter,
as compared with 9.5-mm-diameter bolts. Due to the great differences in these
diameters considerahle misalignment is possible in the assembly of the specimen
in the test fixture, perhaps with the middle rail tilted from vertical. This
would destroy the equality of the test sections on each side of the center rail
in addition to creating an oblique loading condition on the center rail. To
eliminate this problem, cylindrical spacers the same diameters as the shear
test sections were used to align the rails during the squaring and bolt-up
procedures. Figure 14 shows the optics side of the experimental mechanics
setup. The argon laser was located under the vibration-free table with the
beam channeled through a beam-steering device onto a front surface mirror, and
finally through a Spectra Physics 332 spatial filter with a 4.7-micron diameter.
Figure 15 shows the basic instrumentation setu;. for the shear testing. The
strain gage information was displayed on a type 549 storage oscilloscope with
a type Q plug-in strain gage preamplifier. The strain gage information of the
scope was fed into a Moseley model ZD-ZA X-Y recorder so that a permanent copy
could be obtained.

Two people were required to make a complete set of interferograms.
One person was required on the optics side of the test setup, while the other
was stationed on the instrumentation side of the test arrangement. The observer
on the instrumentation side started and stopped the tensile test machine at the
incremental loadings, in addition to controlling the remote shutter by the glow-
lighted panel shown in the lower left of Figure 15. A glow light was used
above the strip chart recorder so that the observer could see the load incre-
ments. The complete process is done in the dark with the exception of two
glow lights on the instrumentation side of the test setup. The leakage of any
white light on the film plate will destroy the interferometric data. The per-
son on the optics side of the setup changed film packs at each load increment.
The test specimens were imaged in this stepwise fashion due to the high sensi-
tivity of laser speckle.
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Figure 13.

Three-rail shear test f ixture.
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Figure 16 shows the optics required to prepare interferograms of the
zero- and ninety-degree orientation tensile specimens. An iris was used to
allow only enough filtered laser light to strike the specimen to fill the image
transparency. Figure 17 shows the instrumentation side of the experimental
test arrangement. The oscilloscope and X-Y recorder were used to collect strain
data to correlate with those obtained through laser speckle.

B. Setup for Aperture Analysis of Interferograms

A system for analyzing interferograms developed by Schaeffel [6] was
used to analyze selected areas on the shear specimens. Figure 18 is a photo-
graph of the aperture analysis system from the collimated light at the riglt to
the permanent film record at the left. Figure 19 is a sketch of the system.
An interferogram is placed in the parallel light field produced by the colli-
mater which generates an infinite number of Young's fringe diffraction halos.
At this point an aperture can be placed in a location of the diffraction field
to map selectively a small region of each diffraction halo into the viewing
plane for photographing a permanent record. Then displacements can be deter-
mined from the interpretation of the fringe patterns from the following
equation:

= B2 4y (23)

where

r = Displacement

K = Interferogram magnification ratio

Zp =  Aperture-viewing plane distance

Y = Screen location

m = Fringe order

X = Wavelength of laser light

The complete development of Equation (23) can be found in Schaeffel [6]1., A
Spectra Physics Model 125 He-Ne laser was used as the light source with the
beam expanded through a Spectra Physics model 332 gspatial filter and colli-
mated with a 50.8-mm-diameter Spectra Physics model 336 collimater. The com-
puter scan locations shown in Figure 10 were observed at the free edge and
center locations of the shear specimens using aperture reconstruction. A
typical reconstructed fringe pattern of the right-hand center scan of a shear
specimen is shown in Figure 20. Enouzh of the diffraction field is mapped to
demonstrate the displacement field. The center column of fringes is the dis-
placement mapping of the shear specimen. The direction of the displacements
is in a direction orthogonal to the fringes. The shearing action is easily
detectable from the orientation and curvature of the center column of fringes.
The fringe patterns on each side of the center rail are parallel and show no
curvature; thus the displacement is vertical. Any point on the film record
can be used to find the point displacement and strains, as well as to provide
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Figure 18. Aperture analysis system.
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- Figure 20. Reconstructed interferogram of XP-250 shear panel.

. the viewer with a full field displacement mapping. The full field mapping is i
an excellent tool for nondestructive testing of specimens in shear because it

! ) can be used to observe boundary conditions where strain gaging is not feasible.
The particular aperture reconstructed interferogram shown in Figure 20 was
loaded from 7740 Newtons to 9296 Newtons with a delta of 1556 Newtons.
Appendix C contains a series of aperture reconstructed interferograms represent-
ing different load levels as the shear specimens were taken to failure,.

e

C. Computer Aided Scanning System

The data for the shear and tensile specimens were collected by an
electromechanical single beam speckle interferometric analyzer system as shown
in Figure 21. The computer aided reduction system was developed primarily for
applications in speckle interferometric data analysis [41. The basic system
consists of two parts which include an optical displav of interference data
and the computer hardware used in the numerical analysis. The interferograms
were placed in a viewing window of the X-Y translation table and illuminated
.. by a laser beam which produced an interference fringe pattern at a point, as

shown in Figure 22, The diffraction halo was centered and viewed on a diffuser
screen which included a 25.4-cm 360-degree protractor. The protractor was used
to measure the displacement angle of the interference fringes. The displacement
. of the region illuminated by the laser beam is inversely proportional to the
N fringe spacing as given by Equation (1). The direction of the displacement is
along an axis perpendicular to the fringe orientation.

~

Since a very small area of the interferogram is illuminated, the data
vields the displacement at a point. Therefore, to obtain a complete description
of the surface, mappings of the repions as shown in Figures 9 and 11 were used




e

Front
Surface
Mirrors
Laser
Speckle
Interferogram

HeNe Laser —_———— —4-—% \_ Diffuser
Screen
X-Y
Translation
Table
_ [ i ]
X~Y Controller Computer
Interface
Teletype
Terminal
PDP 11/40
Computer

Figure 21, Electromechanical single-beam speckle

interferometric analyzer system,
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. Figure 22. Typical speckle photography
‘ fringe pattern.

for the tensile and shear specimens. The mapping configurations were obtained
by the X-Y translation table as shown in Figure 4. The laser beam passes 7
through a point on the interferogram and the film plate is then translated
relative to the stationary laser beam. The X-Y stage has the capacity to trans-
late 152 mm in each direction in 0,025-mm incremepts, with a 0.0025-mm reposition-
ing accuracy. Location of the desired point on tHe interferogram was controlled
by the translation stage stepping motors which were in turn controlled by the
computer. The computer program used to control the scan pattern and calculate

the displacements appears in Appendix A.

V. RESULTS AND DISCUSSION

; . The test specimen nomenclature for the tensile specimens was set up as
! shown in Figure 23. Tables 1 and 2 show the physical dimensions of the [0]s

and [90]S tensile test specimens. The end tab region averaged 8.2 mm. The
ply properties for the [0]S tension tests are summarized in Table 3. The

average values for Young's modulus of elasticity and ultimate strengths of

39.3 G Pa and 830.5 M Pa, respectively, agree well with the values of 39.3 G Pa
ana 896.3 M Pa published by the 3 Company [2]. The average ultimate strength
of the specimens was 7.3 percent lower than that obtained by the 3M Company.
The lower strength could be due to the mode of failure, As shown in Figure 24,
the "shaving brush" failure is exhibited by specimens 2, 3, 4, and 5, while

R P
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o
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, etc.)

—~ o o= Specimen Type (T) - Tension

(C) - Compression

Figure 23. Coupon test spec imen nomenclature.
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Table 1.

Physical Dimensions of [0]4

e ey

Tensile Specimens

Spec imen Width (mm) Thickness (mm) Gage Length (mm)
T-0°-1-A 12.7 1.87 151.9
T-0°-2-J 12.9 1.85 152.7
T-0°-3-B 12.2 1.83 152.4
T-0°-4-N 12.7 1.95 151.9
T-0°-5-E 12.7 1.84 152.4

Mean 12.6 1.87 152.3

Table 2. Physical Dimensions of [90]S Tensile Specimens

Spec imen Width (mm) Thickness (mm) Gage Length (mm)
T-90°-1-A 24.9 1.69 152.7
T-90°-4-E 25.1 1.61 151.9
T-90°-5-F 25.4 1.68 152.4
T-80°%_6-A 25.4 1.72 151.9
T-90°-7-G 25.1 1.83 151.9

Mean 25.2 1.71 152.2
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Figure 24. The failed [O]s tensile specimens.

(Top-to-bottom: Specimens 1 through 5)

specimen 1 exhibited a splintering effect and failed near the end tab, but was
not considered an end tab failure. An audible noise occurred on each [0]s

tensile specimen which was accompanied with a small drop in the load and strain
readings near one-third of the ultimate load. It was not determined whether
the noise was from slippage of end tabs or alignment of the loading structure
on the tensile test machine (Instron). It is recommended that movie film be
made on future testing of this nature to aid in determination of the source of
noise. Poisson's ratio determined from laser speckle interferometry of the
[0]s specimens was 0.294, with a standard deviation of 0.017 and a coefficient

of variation of 5.8. The value varies by 1.6 percent with that obtained by
Smith and Huang. The displacements obtained from the fO]S specimens through

laser speckle interferometry are plotted in Figures A-1 through A-7 and appear
in Appendix A. The stress-strain curves for the [0]s specimens are shown in

Figures A-8 through A-12.

Five tension tests were conducted on unidirectional specimens loaded
at 90 degrees to the fiber direction. The ply properties are summarized in
Table 4. The average values for Young's modulus of elasticity of 13.08 G Pa
agrees well with the value of 12.0 G Pa value obtained by Smith and Huang [7].
The ultimate strength of 29.1 M Pa was much lower than 52 M Pa obtained by
Smith and Huang [7]. The elastic region, however, was in excellent agreement.
End tab failure was the cause of the low ultimate strength as can be observed
in Figure 25. The specimens broke either at the end tabs or slightly inside
the end tabs. Specimen 4 is the only one that had a failure away from the end
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Figure 25. The failed [90]S tensile specimens.

(Top-to-bottom: Specimens 1, 4, 5, 6, 7)

tab. The displacement versus scan position is plotted in Figures A-13 through
A~19, and the stress versus strain is plotted in Figures A-20 through A-24 and
appear in Appendix A.

The nomenclature code for the shear test specimens is shown in Figure 26,
The free edge and center scan displacement data obtained through laser speckle
interferometry for shear specimen 7 is shown in Tables B-1, B-2, and B-3. Each
table presents the displacements resolved into horizontal and vertical directions
at different load levels and at specified coordinates. The minus signs on the
displacements designate the direction and are not to be interpreted as negative
values. The displacements were used to calculate strains and shear strains.
The shear strains versus scan position are plotted for the different load
levels of specimen 7 in Figures B-1, B-2, and B-3. The displacement data
from the left-hand side of shear specimen 8 are presented in Tables B-4, B-5,
and B-6. The data are presented for free edge as well as center scan for
the coordinate positions shown in Figures 10 and 11. The shear strains versus
scan positions are plotted in Figures B-4, B-5, and B-6. The right-hand
displacement data for specimen 8 is presented in Tables B-7, B-8, and B-9,
while the shear strains versus scan position data are presented in Figures B-7,
B-8, and B-9.

Laser speckle interferometry allowed data to be analyzed at any point of
interest in the stress field. This technique allowed indepth observation of
such areas as the free edge of the shear specimen. The work performed in this
project showed that there were displacements in both the horizontal and vertical
directions which yield some strain in both directions as well as shearing strain.
As expected, the shearing strain increased as the data were taken farther away
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Scan Location (F) - Free Edge
(C) - Center

Side (L) -~ Left
(R) - Right

Test No. (1, 2, 3, ... n)

Fiber Orientation (0°, 90°)

Specimen Type (S) - Shear

Figure 26. Shear test specimen nomenclature,

from the free edge, but was not linear; however, the shearing strains became
more constant at locations closer to the center rail. The shear moduli
decreased as the total load increased, which yields an increasing shear strain
coupled with increased loading, thus confirming the nonlinear characteristics
of the material. The shear modulus, ny, at different locations on the speci-~

men and load increments, is presented in Table 5. A plot of the shear moduli
taken at the same scan point but at different load ranges is presented in
Figure B-10.

VI. SUMMARY AND CONCLUSIONS

A whole-field experimental stress analysis method was developed to inves-
tigate the behavior of composite laminates. The method employed was the photo-
mechanical technique of laser speckle interferometry. Interferograms were pre-
pared of [0]S and [90]s tensile specimens deformed under load. The inter-

ferograms were analyzed with a computer-aided optics system to obtain displace-
ment fields. The resulting displacement data were used to calculate strains
which were correlated with stresses. The stress correlation allowed anisotropic
elastic constants such as the moduli of elasticity, Poisson's ratio, and shear
modulus to be calculated. The results were in good agreement with data in the
literature and the auxiliary strain gage system. The analytical and geometric
techniques of obtaining anisotropic elastic constants from the full field dis-
placements through laser speckle interferometry were presented in detail,.

Zero-degree unidirectional shear specimens were analyzed using the three-

rail shear test fixture. Displacement data were taken at the free edge of the
shear specimens where it is inconvenient to apply strain gages. Data were also
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Table 5. Shear Moduli at Increasing Load Ranges
Shear Specimen S-0°-8-L
Shear Modulus Gyy (Gpa)
Load Range: (2359-4116) Newtons
Y = 0.00 cm Y = 0.56 cm Y =1.12 cm
= 0.0 an 1.86 2.87 4.67
= 0.2 am 1.58 2.16 3.04
Load Range: (7654-9345) Newtons
Y = 0.00 cm Y = 0.56 cm Y =1.12 cm
= 0.0 am 3.89 1.76 1.75
= 0.2 am 3.46 1.35 1.84
Load Range: (12,905-14,685) Newtons
Y = 0.00 cm Y = 0.56 cm Y =1.12 cm
= 0.0 am 3.13 1.32 1.21
= 0.2 an 2.89 1.75 1.56
44
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analyzed in the center section of the specimen where the maximum amount of
strain should occur. The displacement data from different load ranges were
used to calculate strains, shearing strains, which were correlated with shear-
ing stresses. The shear modulus was calculated from laser speckle data and
agreed well with work performed with strain gages. It is recommended that

the techniques be improved to produce interferograms with less exposure time,
perhaps a pulsed laser light source, to avoid the delay associated with incre-
mental loading.

The techniques of laser speckle interferometry and aperture analysis
were both found effective in obtaining the displacement and strain fields.
The techniques can be used quantitatively by technical investigators to obtain
discrete data, as well as qualitatively by less technical personnel on a non-
destructive evaluation basis. The foremost advantage of using laser speckle
interferometry as a whole-field experimental stress analysis method is that
the investigator obtains full-field information rather than average data fron
small regions. It is recommended that this technique be expanded to include
analysis of a wide range of composite materials with different geometrical
configurations.
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Figure A-9. Stress versus strain (T7-0°-2).
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Figure A-13. Displacement versus scan position (T-90°-1-A-1).
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Figure A-14. Displacement versus scan position (T-90°-1-A-2).
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Figure A-16. Displacement versus scan position (T-90°-4-E-2).
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Figure A-19. Displacement versus scan position (T-90°-7-G-2).
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Figure A-21. Stress versus strain (T-90°-4)
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Figure A-22. Stress versus strain (T-90°-5).
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Figure A-23. Stress versus strain (T-90°-6).
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PROGRAM FUNCTION:

INPUT:

OUTPUT:

rJ

10

To analyze interferogtams on a point~by-point basis, com-
puting horizonta] and vertjical displacements, translation

4) Displacement - distance between fringes,

5) Angle - Angle of orientatijon of fringes,

Data are printed qn g decwriter,

COMMDN DI{2, 200
WRITE(5, 1)

FORMAT ( MANUAL. YOUNG FRINGE ANOLYZEFR /)
WRITE(S,2)

FORMAT ( STAGE To g ADVANCED? (0=X,1=y),
READN(S,3) 14

FORMAT(I1)

WRITE(S,4)

FORMAT ( 1 STAGE INCREMENT? /)

REAn(S,5) ¢

FORMAT(14)

WRITE(S,¢)

FORMAT ¢ / FILM sScaLg FACTOR? )

READ(S,7) gF

FDRNAT(FI0.0)

ICC=0

ICC=1CC+3
ICP=1CC-}

WRITE(S,9)

FORMAT ¢ - DISPLACEMENT?')
READ(S,7)

WRITE(S,10)

FORMAT ¢ / ANGLE? /)
REAI(S,7) g
A=A*3.14159/180~
IF(U.ER.0) GOTo 13
IFCD.T,0) G010 15
U=SF/n

Ul=UxCOS ()

U2=UXSINCA)
H=FLOAT((ICC~1)*IC)*.001

Figure a-25, Computer code.
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WRITE(S»11) HyUsUl U2
11 FORMAT(3H H=yF10 .3 0Xr2HU=yF12.6
13HUL = FL12086vGX s ZHU2=9F12.6)
12 p(1,I1CCHIY=UL
D2, 10C)H) =02
GOTO 14 -
13 D1, ICC)HY=0,
N2, 1CC)HY =0,
14 IF{IA.EQ.1) CAl.LL YADV(ICyS)
IF(IAEQ.Q) CALL XANV(ICyS)
GOTO 8
. 15 ICC=(1-ICC)Y*IC
IF(IAEQR.1)Y CALL YARVIICCyS)
IF(IALEQ.Q)Y CaLlL XALVLICC»S)
WRITE(S»16)
16 FORMATC(S aNALYSIS ENDEDC)
STOF
END
b SUBRDUTINE YADV(ISyIR)
C IS=N0. STEFS (4+=FWDhy~=REV)
C IR=AINVANCE RATE OF STAGE
X=0,
< IF(IS.GT.0) GOTO 3
!.‘ IF=TARS(IS)
O 2 I=1+IF,1
CALL IFOKEC("147772,020000)
0 7 K=15IRy1
7 Y=S5IN(X)
CALL IFOREC("187722s 000000)
Nno 1 J=isIRy1
Y=GIN(X)
CONTINUE
GO10 &
3 CONTINUE
00 5 II=1»18y1
CALL IFPOKEC*147772,*010000)
00 8 KK=1»IRy1
Y=GIN(X)
CALL IFOREC"167772y"000000)
no 4 JJ=1y1iRs1
Y=8IN(X)
CONTINUE
CONTINUE
RETURN
END

3 =

-~

ow

[N -3

Figure A-25. (Continued).
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SURRODUTINE XADV(ISyIR)
IS=N0., STEFS (+=FUWhy-=REW)
IR=ADIVANCE RATE OF STAGE
X=0.

IF(IS.GT.0) GOTO 3
IF=IAES(IS)

IO 2 I=14IFs1

CALL IFORE("1&77272+y"100000)
00 7 K=1yIRv1

Y=SIN(X)

CALL IFOKEC"14677725*000000)
0 1 J=1yIRs1

Y=8GIN(X)

CONTINUE

GOTO 4

CONTINUE

N0 S 1I=1,15y1

CALL IFOKE("1467772,"040000)
0 8 Kk=1yIRy1

Y=SIN(X)

CALL IFOKE("147772+°000000)
D0 4 JJ=1sIR»y1

Y=SIN(X)

CONTINUE

CONTINUE

RETURN

END

Figure A-25. (Conrluded).
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Table

APPENDIX B

LIST OF TABLES

Title

Displacement Data (ycm) from Laser Speckle
Interferometry (S-0°-7-L)
Load Range: (2359-4139) Newtons . . . . .

Displacement Data (ucm) from Laser Speckle
Interferometry (S-0°-.7-L)
Load Range: (9345-11,125) Newtons . . . .

Displacement Data (uycm) from Laser Speckle
Interferometry (S-0 -7-L)
Load Range: (16,243-18,023) Newtons . . .

Displacement Data (pycm) from Laser Speckle
Interferometry (S-0°-8-L)
Load Range: (2359-4116) Newtons . . . . .

Displacement Data (ucm) from Laser Speckle
Interferometry (S-0°-8-L)
Load Range: (7654-934%) Newtons . . . . .

Displacement Data (uUcm) from Laser Speckle
Interferometry (S-0°-8-L)
Leoad Range: (12,905-14,685) Newtons . . .

Displacement Data (ucm) from Laser Speckle
Interferometry (S-G°-8-R)
Load Range: (2359-4116) Newtons . . . . .

Displacement Data (ucm) from Laser Speckle
Interferometry (S-0°-8-R)
Load Range: (7654-9345) Newtons . . . . .

Displacement Data (ucm) from Laser Speckle
Interferometry (S-0°-8-R)
Load Range (12,905-14,685) Newtons . . . .
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Figure
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Table B-1. Displacement Data (ucm) from
Laser Speckle Interferometry

SHEAR SPECIMEN
S-0°7-L Load Range: 2359-4139 Newtons
Free Edge Scan
A B C
u 4156 5500 5846
Row 1 v
~-73 ~144 ~51
UH
D E F
Row 2 4154 4796 5053
u -145 -84 ~-177
H
G H 1
R 3 UV 3724 4548 5180
ow
U -359 358 408
H
Center Scan
A B C
Row 1 Yy 3856 4557 4895
- U 1290 1052 ~1266
H
D E F
Uv 3g21. 4043 4806
Row 2
u -1391 -1314 -1066
H
G H ]
UV 4066 4644 5263
) Row 3
u - =12 -
H 1243 1201 928
34




Table B-2. Displacement Data (ucm) from
Laser Speckle Interferometry
3
SHEAR SPECIMEN
]
S$-0°-7-L Load Range: 9345-11,125 Newtons
Free Edge Scan
A B C
U 3379 4134 5028
Row 1 v
U 385 435 529
. H
D E F
3282 3975 5053
Row 2 uv
UH 229 208 177
~a
G H 1
U
Row 3 v 3114 3978 5055
. U
' H 166 139 88
Center Scan
A B C
Uy 3349 3713 5157
Rowl
-591 -456 -633
D E F
3038 3797 5012
-701 -399 -660
G H 1
3101 5033 5494
-659 -485 -288
85
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Table B-3. Displacement Data (ucm) from
Laser Speckle Interferometry

SHEAR SPECIMEN
S—O°—7—L Load Rangc; 16,243—18,023 Newtons
Frt;e Edge Scan
A B C
| | U 3011 3968 4744 f
Row 1 v i
: UH 807 312 709
D E T
u
Row 2 v 3020 3771 5324
L < U, 533 597 466
G H I
h <o u 2953 3727 51860
Row 3 \"2
! UH 310 326 408
Center Scan ﬂ
A B C
u 3315 4134 6020
R v
| — ow 1
'F U, ~407 -435 _421 j
; D E F
U 894 4437 5814
Row 2 v 2894
U -407 ~388 -611
- H
G H 1
: R ow 3 Yy 3216 4443 5492
ow
UH -654 -311 ~-336
(]
% 86




Table B-4. Displacement Data (ucm) from
Laser Speckle Interferometry
SHEAR SPECIMEN f
$-0°-8-L Load Range: 2359-4116 Newtons
Free Edge Scan
A B C
U 4126 4134 5461
Row 1 v
U - -435 -671
. H 506
D E F
Row 2 v 4566 4708 4493
? ‘ UH -1012 -915 -792
-
G H 1
3 U 4463 4574 5382
JN Row 3 \4
. U -949 -972 -1144
| H
Center Scan
A B C
. U 4587 5339 5684
; Row 1 v
— U, -1402 ~1331 -1365
D E F
Uv 4611 5534 6088
- Row 2
uH -1322 -1227 ~1350
- G H 1
Uv 4969 5488 6310
. Row 3 :
A U -1519 -1419 -1341
H
12
87
R




Table B-5.
Laser Speckle Interferometry

Displacement Data (ucm) from

SHEAR SPECIMEN

S-0°-8-L Load Range: 7654-9345 Newtons
Free Edge Scan
A B C
U 3147 3442 4440
Row 1 v
U 386 392 350
D E F
Row 2 3396 3739 4676
U 178 131 82
G H 1
U 3400 3739 4676
Row 3 A"/
U 89 131 41
Center Scan
A B C
3815 4793
133 167
E F
3739 4674
~-131 -163
H 1
3897 4672
-68 -204




Table B-6.

Displacement Data (pcm) from
Laser Speckle Interferometry

SHEAR SPECIMEN
S-0°-8-L Load Range: 12,905-14,685 Newtons
Free Edge Scan
A B C
U 3261 4015 4724
Row 1
U 966 1076 833
D E F
U, 3375 3720 4518
Row 2
U 779 859 635
G H 1
Row 3 3122 3776 4537
U 551 564 477
Center Scan
A B C
3401 4796
-30 -42
E F
3741 4797
-33 0
H 1
4249 4562
148 80
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Table B-7. Displacement Data (ucm) from
Laser Speckle Interferometry

SHEAR SPECIMEN
S-0°-8-R Load Range: 2359-4116 Newtons ;
Center Scan
A B C
) N ) Uy 4249 4770 6034
ow
U -148 -501 -105
H
D E F P
2T U 3975 5332 5668 '
Row 2 v
i U -208 ~-373 -99
H
. G H !
!' Uv 3808 5337 5845
Row 3
U -266 -280 -102
H
"‘-l'
2
[}
% a0
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Table B-8.

Laser Speckle Interferometry

Displacement Data (pcm) from

SHEAR SPECIMEN

S-0°-8-R Load Range: 7654-9345 Newtons
Free Edge Scan
A B C
R Uv 3591 4440 4785
ow 1
UH 220 350 335
D E F
R ) 3654 4066 5789
ow
UH 320 71 357
G H I
Row 3 Uv 3594 4448 4556
UH 157 232 239
Center Scan
A B C
UV 3116 3803 4238
Row 1l
U 109 333 334
H
D E F
Uv 3114 3398 4249
Row 2
U 163 148 148
H
G H 1
Uv 3114 3882 4793
Row 3
UH 163 340 167
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Table B-9. Displacement Data (ucm) from
Laser Speckle Interferometry

SHEAR SPECIMEN
S-0°-8-R Load Range: 12,905-14,685 Newtons
Free Edge Scan
A B C
U 3641 3803 3958
Row 1 v
) U
H 447 333 416
D E F
U
3366 4065 5051
Row 2 v
<& U, 178 106 220
G H 1
U 3217 3817 4672
A Row 3 v
U 225 -33 204
H
Center Scan
A B C
U 3061 3740 5344
) Row v i
~
U -187 -65 -93
H
D E F
- UV 3168 3897 5499
Row 2
. U -138 -34 -192
H
G H I
: Uy 3169 3897 5500
h Row 3
U -83 -34 ~144
H
]
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Figure B-1. Shear strain versus scan position (s-0°-7-L).
Load Range: (2359-4139) Newtons
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Figur2 B-3. Shear strain versus scan position (s-0°-7-L).
Load Range: (16,2:3-18,023) Newtons
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Fiqure C-2. Shear test specimen (5-0°-5-R-F).

Figure C-1. Shear test specimen (S-0°-5-L-F).
Load Range: (1914-4228) Newtons
St A
Load Ranae: (1914-4:28) Newtons
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Figure C-3. Shear test specimen (S-0°-5-L-C).

Load Range:

(1914-4228) Newtons

Figure C-4. Shear tect specimen (S-0°-5-R-C).

Load Range:

(1914-4228) Newtons
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Figure C-5. shear test specimen (S-0°-6-L-C).
(623-2537) Newtons

Load Range:

Figure C-6. sShear test specimen (5-0°-6_-R-C).

Load Range:

(623-2537)

111
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- Figure C-7. Shear test specimen (S-0°-6-1L-C).
Load Range: (2537-4228) Newtons

~

Figure C-8. Shear test specimen (5-0°-6-R-C).
Load Range: (2537-4228) Newtons
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Figure C-9.

Load Range:

Shear test specimen (S-0°-6-L-C).

(4228-5874) Newtons

Figure C-10. Shear
Load Range:

test specimen
(4228-5874)
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(S~-0° -6-R~C).
Newtons
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Figure C-11. Shear test specimen (S-0°-6-L-C).

Load Range:

(5874-7743) Newtons

Figure C-12. Shear test specimen (S-0°-6-R-C).

Load Range:

(5874-7743) Newtons
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Figure C-13. Shear test specimen (s-0°-6-L-C).
Load Range: (7743-9301) Newtons
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' Figure C-14. Shear test specimen (5-0°-6-R-C) .
Load Range: (7743-9301) Newtons
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Figure C-15. Shear test specimen (S-0°-7-L-F).
Load Range: (2359-4139) Newtons

~x

Figure C-16. Shear test specimen (3-0°-7-R-F).
Load Range: (2359-4139) Newtons
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Figure C-17. Shear test specimen (S-0°-7-L-C).

Load Range:

(2359-4139) Newtons

Fiqure C-18. Shear test specimen (5-0°-7-R-C).

Load Range:

(2359-4139) Newtons
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N Figure C-19. Shear test specimen (S-0°-7-L-F).
) Load Range: (5874-7565) Newtons

e 4

Figure O-20. Shear test specimen (S-0°-7-R-F).
LL.oad Range: (5874-7565) Newtons
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r Figure C-21. Shear test specimen {S-0°-7-L-C).
4 - Load Range: (5874-7565) Newtons

-~

Fianre ¢-=22. Shear te

t specimen (0-0°-7-R-C).
Load Rannqe: ( 5

s
5874-7965) Newtons
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Figure C-23. Shear test specimen (S-0°-7-L-F).
Load Range: (9345-11,125) Newtons

Figure C-24. Shear test specimen (5-0°-7-R-F).
lLoad Range: {(9345-11,125) Newtons




Figure C-25. Shear test specimen (S-0°-7-L-C).
Load Range: (9345-11,125) Newtons
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Figure C-26. Shear test specimen (5-0°-7-R-C).
Load Range: (9345-11,125) Newtons
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o Figure C-27. Shear test specimen (S$-0°-7-L-F).
Load Range: (12,683-14,552) Newtons
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".28. Shear test specimen (S-0°-7-1i-F).
anage:  (12,683-14,552) Newtone
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Figure C-29. Shear test specimen (S-0°-7-L-C).

Load Range: (12,683-14,552) Newtons

Figure C-30. Shear test specimen (S-0°-7-R-C).
Load Range: (12,683-14,552) Newtons
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Figure C-31. Shear test specimen (S-0°-7-L-F).
Load Range: (16,243-18,023) Newtons

Figure C-32. Shear test specimen (S-0°-7-R-~F).
Load Range: (16,243-18,023) Newtons
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Figure C-33. Shear test specimen (s-0°-7-L-C).
Load Range: (16,243-18,023) Newtons

Fiqure ©-34. Shear test specimen (3-0°-7-R-C).
load Ranage: (16,243-18,023) Newtons
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Figure C-35. Shear test specimen (S-0°-8-L-F).
Load Range: (2359-4116) Newtons

Figure C-36. Shear test specimen (S-0°-8-R-F).
Load Range: (2359-4116) Newtons
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Figure C-37. Shear test specimen (S-0°-8-L-C).
Load Range: (2359-4116) Newtons

Figure C-38. Shear test specimen (S-0°-8-R-C).
Load Range: (2359-4116) Newtons
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Figure C-39. Shear test specimen (S-C°-8-L-F).
Load Range: (5896-7654) Newtons

Figure ©-40. Shear test specimen (S-0° -8 .R-F).
Load Range: (5896--7654) Newtons




Figure C-41. Shear test specimen (S-0°-8-L-C).
Load Range: (5896-7654) Newtons

~

Figure C-42. Shear test specimen (S-0°-8-R-C).
Load Range: (5896-7654) Newtons
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Figure C-43. Shear test specimen (S-0°-8-L-F).
o Load Range: (7654-9345) Newtons

~

Figure C-44. Shear test specimen (S-0°-8-R-F).
Load Range: (7654-9345) Newtons
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Figure C-45. Shear test specimen (S-0°-8-L-C).

Load Range: (7654-9345) Newtons

Figure C-46. Shear test specimen (S-~0°-8-R-C).

Load Range: (7654-9345) Newtons
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- Figure C-47. Shear test specimen (S-0°-8-L-F).
Load Range: (11,125-12,905) Newtons

~

Figure C-48. Shear test specimen (S-0O°-8-R-F).
Load Range: (11,125-12,905) Newtons
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Figure C-49.
Load Range:

Figure C-50.
Load Range:

(11,125-12,905) Newtons

(11,125-12,905) Newtons
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Shear test specimen (S-0°-8-L-C).

Shear test specimen (S-0°-8-R-C).




Figure C-51. sShear test specimen (S-0°-8-L-F).
1 Load Range: (12,905-14,685) Newtons

b

Figure C-52. Shear test specimen (S-O°-8-R-F).
Load Range: (12,905-14,685) Newtons
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Figure C-53. Shear test specimen (S-0°-8-L-C).
Load Range: (12,905-14,685) Newtons
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Figure C-54. Shear test specimen (S-0°-8-R-C).
Load Range: (12,905-14,685) Newtons
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